The purpose of this study was to evaluate the role of 10-methacryloyloxydecyl dihydrogen phosphate (MDP) contained in the bonding resin of a two-step self-etch adhesive system. An experimental adhesive (M0) containing MDP only in the primer, but not in the bonding resin was prepared. Clearfil SE Bond (MM) and M0 were compared in terms of microtensile bond strength to dentin, ultimate tensile strength of the bonding resin, and dentin-resin bonding interface morphology under SEM and TEM. The immediate µTBS values of MM significantly decreased after thermal cycles while M0 were stable even after 10,000 cycles. In the SEM observations, formation of erosion was observed beneath the acid-base resistant zone only in M0. The results suggested that MDP in the bonding resin of the two-step self-etching system; 1) improved the immediate bond strength, but caused reduction in long-term bond durability; 2) offered the advantages of acid-base resistance at the ABRZ forefront area.
INTRODUCTION
The ultimate goal of dentin bonding is to achieve longterm durable interface of resin bonds, thereby protecting the restoration against secondary caries 1) . The secondary caries is thought to be initiated at the interface of restoration and dentin as a result of incomplete seal and susceptibility of dentin to destruction of mineral and organic phases. To date, many studies have been devoted to prevention of secondary caries formation around composite restorations 2) . Adhesion to dentin substrate has been primarily attributed to micro-mechanical hybridization which involves infiltration and subsequent in situ polymerization of adhesive monomers within the demineralized microporous collagen scaffold 3, 4) . The two-step self-etching adhesives are widely used for the clinical placement, which involve two application steps: conditioning of tooth substrates with a self-etching primer, followed by application of a bonding resin. The two-step self-etching adhesive systems contain specific functional monomers 5, 6) , which are typically incorporated in to both the primer and the bonding resin. Most of such adhesive monomers contain both hydrophobic and hydrophilic groups in their molecules, and enhance bond strengths 7) . However, the weakening of such an enhanced material-tissue joint is a possibility under wet environments such as oral cavities, due to absorption of water by polymerized resins 8) . In this regard, addition of such functional monomers may adversely affect the bonding, as the hydrophilic sites of the functional monomers will promote absorption of water by bonding resins 9) . 10-methacryloyloxydecyl dihydrogen phosphate (MDP) is one of the typical phosphate ester functional monomers in the composition (Fig. 1) . It has been reported that phosphate group of MDP has a potential to interact with hydroxyapatite (HAp), and significantly contributes to the long-term durability of dentin-resin bonding interface 10, 11) . However, a few studies have focused on a functional monomer alone or incorporated as a component of the adhesive systems (either in primer, bond, or single-step self-etching agent) 7, 12) . In 2004, Tsuchiya et al. 13) firstly reported a new zone beneath the visible hybrid layer in the self-etching adhesive that was characterized by a resistance against acid and base challenges. This zone is different from the conventional hybrid layer and caries-inhibition zone in fluoride-releasing materials. Therefore, it was named as "acid-base resistant zone (ABRZ)", which was supposed to play an important role in prevention of secondary caries, sealing of restoration margins and promotion of restoration durability. The results of TEM observations have suggested that the ABRZ is not purely dentin, but a combination of dentin and the adjacent hybrid layer which is said to be acid resistant and created by penetration, polymerization of adhesive monomers after demineralization of dentin 14) . However, formation of the ABRZ has been confirmed only in self-etching adhesive systems, but not in acid etching systems 15) . With MDPcontaining two-step self-etching adhesive systems, ABRZ was clearly observed adjacent to the hybrid layer 16, 17) . The benefit of MDP in primer solution is well understood, however the specific role of adding MDP to bonding resin has not been investigated.
Therefore, the purpose of this study was to disclose the role of MDP in the bonding resin of the two-step self- etch system for the dentin bond durability, mechanical properties of bonding resin and formation of ABRZ. The null hypotheses to be tested were: (a) the functional monomer (MDP) in bonding resin would not affect the mechanical properties of the two-step self-etching adhesive system and bond strength to dentin; (b) the functional monomer (MDP) in bonding resin would not influence the formation of resin-dentin bonding interface.
MATERIALS AND METHODS

Experimental adhesives
The two-step self-etching adhesive system, Clearfil SE Bond (Kuraray Noritake Dental, Tokyo, Japan), served as a control. This system is composed of an MDPcontaining primer and an MDP-containing bonding resin. An experimental MDP-free bonding resin was prepared. According to the combination of primer and bond as shown in Table 1 , two experimental groups were formed: (1) Clearfil SE Bond as control (MM); (2) Clearfil SE Bond primer and the experimental MDP-free bonding resin (M0). Thirty six non-carious human third molars were collected after the individuals' informed consent was obtained under a protocol approved by the Institutional Review Board of Tokyo Medical and Dental University (no. 725). After disinfection in 0.1% thymol solution for 72 h, the teeth were stored frozen and used within 6 months after extraction.
Microtensile bond strength (µTBS) testing
The outline of the µTBS test is schematically presented in Fig. 2 . The coronal portion of each tooth was removed to expose a flat, midcoronal dentin surface using a lowspeed diamond saw (Buehler Isomet 1000, Buehler, Lake Bluff, IL, USA) under water cooling. The dentin surface was ground with 600-grit SiC paper to produce a standardized smear layer, and the teeth were randomly divided into two groups. Apply primer to the dentin surface for 20 s and evaporate the volatile ingredients with a mild air. Apply the bonding resin (MM or M0) to the surface make the bond film as uniform as possible using a gentle air. After the adhesive was light cured for 10 s by a halogen unit (Optilux 501, 600 mW/cm 2 , Demetrom, Danbury, CT, USA), 5 mm thick resin composite block was placed in two increments (Clearfill AP-X, shade A2, Kuraray Noritake Dental, Tokyo, Japan) and each increment was light cured for 40 s using the light curing unit.
After 24 h storage in water at 37°C, the bonded specimens were perpendicularly sectioned at the resin/ dentin interface into serial slabs. Each slab was further sectioned into 1.0 mm×1.0 mm resin-dentin beams. Approximately 8 to 10 beams were obtained from each of the 11 teeth per material group, yielding a total of 210 beams for bond strength evaluation. The specimens in each material group were further divided into three subgroups. One subgroup was tested after 24 h (n=35), and the other subgroups were thermocycled in a thermal cycling device (Tokyo Giken, Tokyo, Japan) for either 5,000 or 10,000 times between 5°C and 55°C with a dwell time of 30 s before testing. The specimens were then fixed and stressed in tension at a crosshead speed of 1 mm/min using a universal testing device (EZ-test, Shimadzu, Kyoto, Japan). After the µTBS test, the fractured surfaces from dentin sides were gold sputter coated and observed under scanning electron microscopy (SEM) (JSM-5310LV, JEOL, Tokyo, Japan).
Failure modes were categorized into three types: complete cohesive failure in dentin (D), adhesive or mixed failure at resin/dentin interface (M) and cohesive failure in resin composite (R).
The µTBS was derived by dividing the imposed force at time of fracture by the bonded area (mm²). Statistical differences were examined using two-way ANOVA (α=0.05), followed by multiple comparisons using t-tests with Bonferroni correction in PASW version 18 (IBM SPSS, Tokyo, Japan) with bonding type and tooth as predicting factors.
The failure mode results were analyzed using Mann-Whitney's U test to compare the distribution of failure modes at different thermal cycling stages between the two materials.
Ultimate tensile strength (UTS) testing
Specimen preparation was determined according to a method previously described 18, 19) . The bonding resins (MM or M0) were poured into dumbbell-shaped 10 mm long×1 mm wide×1 mm thick silicone molds (putty type, Fusion II, GC, Tokyo, Japan) with a gauge length of 5 mm (Fig. 3) . After covering the top of the surface with thin, transparent strips and another glass slab, the light guide was placed directly and light-cured for 1.5 min from each side. The number of specimens was 32 for each material. After polymerization, all specimens were kept in the room temperature for 24 h Then, the specimens were randomly divided into four groups of 0, 1, 30 and 180 days of water storage (n=8) and individually immersed in distilled water in glass vials at 37°C for the designated storage periods. After water-storage, the specimens were subjected to UTS testing using the universal testing machine at a cross-head speed of 1.0 mm/min −1 until failure. The ultimate tensile strength (UTS) of the adhesives was calculated as:
Where F is the tensile force at failure (N), and A is the cross-sectional area of the specimen (mm 2 ). Similar to µTBS, the ultimate tensile strength (N/mm 2 ) was expressed in MPa. The statistical analysis was similar to the µTBS test.
SEM observation of the adhesive-dentin interface after acid-base challenge
The sample preparation for SEM examination of the ABRZ has been documented in details previously 16) . As illustrated in Fig. 2 , human molars were sectioned to obtain 1-mm thick dentin disks, and in the same way as µTBS test, one of the two adhesive systems was applied. A flowable resin composite was then placed between pairs of the prepared dentin disks and lightcured to make a dentin disk sandwich. After storing for 24 h in distilled water, each prepared specimen was sectioned perpendicular to the adhesive-dentin interface with a diamond saw and embedded with an epoxy resin (Epoxicure Resin, Buehler).
Each specimen was first stored in 100 mL of a buffered demineralizing solution, containing 2.2 mmol/L CaCl 2, 2.2 mmol/L NaH2PO4 and 50 mmol/L acetic acid adjusted at pH 4.5 for 90 min to create an artificial secondary caries challenge. The specimens were then immersed in 5% NaOCl for 20 min in an attempt to remove any demineralized dentin collagen fibrils, and rinsed with running water for 30 s. The specimens were sectioned perpendicular to the dentinadhesive interface, and reduced to approximately 1 mm thickness, then polished with diamond pastes (Struers A/S, Copenhagen, Denmark) down to 0.25 µm particle size. The polished surfaces were etched with an argonion beam (EIS-IE, Elionix, Tokyo, Japan) at 1 kV, 0.2 mA/cm² for 7 min to bring the hybrid layer into a sharp relief. The specimens were then gold-sputter coated, and morphological changes to the dentin-adhesive interface due to acid-base challenge were observed using SEM.
TEM observation of the adhesive-dentin interface after acid-base challenge
The study set-up is illustrated in Fig. 4 Values within the same material, bond strength identified with similar superscript letters are not significantly different (p>0.05). Between materials at the same thermocycling stage, values marked by the same symbol are not significantly different (p>0.05). Mann-Whitney's U test revealed that there was a significant difference in failure mode between MM and M0 in dentin cohesive failures (D) as well as mixed failures (M) (p<0.05) D: cohesive failure in dentin; M: adhesive failure at resin/dentin interface; R: cohesive failure in resin composite for TEM observations were previously described 20) . The coronal portion of each tooth was removed to expose a flat, midcoronal dentin surface. In the same way as µTBS test, one of the two adhesive systems was applied. A thin soft polymethyl methacrylate (PMMA) disk was placed over the bonding to enable ultramicrotomy. After sectioning of the specimens by Isomet, acid-base challenge was done in the same way as for SEM observation. To facilitate ultramicrotomy, the specimens were then trimmed into rectangular blocks (1 mm×1.5 mm×2 mm). The blocks were processed for TEM according to the procedure described in detail previously 21) . Non-demineralized, epoxy-resin-embedded sections 90 nm in thickness were prepared and observed under TEM (H-7100; Hitachi, Tokyo, Japan) operating at 75 kV.
RESULTS
µTBS
The µTBS values and failure modes are shown in Table 2 . Two-way ANOVA revealed that the both thermocycling and the interactions between the two factors were statistically significant (p<0.001). Without thermocycling, MM group was significantly higher than M0 in µTBS (p<0.001). However, after thermocycling, MM group showed a decrease, so that M0 group revealed significantly higher values than MM group (p<0.001). In the M0 group, there were no statistically significant differences among 0, 5,000 and 10,000 thermal cycles.
Mann-Whitney's U test revealed that there was a significant difference between MM and M0 in dentin cohesive failures (D) as well as mixed failures (M) (p<0.05). However, there was no significant difference between the two adhesives in resin cohesive failures (R) (p>0.05).
UTS
The UTS values are shown in Table 3 . Two-way ANOVA showed that both material and storage were significant factors (p<0.0001); however, their interaction was not significant (p>0.05) indicating similar trends in UTS change with storage. M0 showed higher normal values than MM. In both groups (MM and M0), a decrease in UTS was found for samples stored in water compared to the baseline (day 0).
SEM observations of ultra-structural features after acidbase challenge
Typical interface morphologies after acid-base challenge were shown in Fig. 5 . An outer lesion (OL), created by dissolution of dentin due to the acid-base challenge, was observed in both groups. The depth of OL ranged from 15 to 20 µm in all specimens. For MM (Fig. 5a ), an ABRZ was observed beneath the hybrid layer. The zone was approximately 1 µm thick in the baseline specimens. For M0 (Fig. 5b) , an ABRZ was also observed beneath the hybrid layer with a thickness similar to that of MM, whereas a funnelshaped erosion was observed at the junction of dentin and bonding layer. 
TEM observation of the adhesive-dentin interface after acid-base challenge
Typical interface morphologies after acid-base challenge were shown in Fig. 5 (c, d) . In TEM observation, both MM and M0 groups show similar thickness of ABRZ. In the forefront of ABRZ, a high electron-density area with a sharp edge is observed in MM, while the forefront in M0 group appeared with a lower density.
DISCUSSION
In this study, both thermal cycling and static water storage were used to age the specimens. The most common approach to induce bonding degradation in laboratory research is submerging resin-dentin in water in order to highlight significant differences between the experimental groups 22) . The water degradation aging is a time demanding strategy; on the other hand, a thermo-cycling approach may be an alternative method to investigate bonding degradation in a short-term period. Moreover, the aging effect induced by thermocycling relies on the ability of hot water to accelerate the hydrolysis of non-protected collagen and leaching of poorly polymerized resin monomers. Through thermal cycling, the interface undergoes a process known as plasticization, with a decrease in its mechanical properties 23) . The UTS test method is considered a further valuable method for evaluation of the mechanical properties of bonding resins, resin composites and tooth structures 22) .
It was reported that the UTS values of the bonding resins were material and storage time dependent 19) . In the µTBS test (Table 2) , initial µTBS of MM was significantly higher than that of M0. However, the µTBS of MM decreased significantly after thermocycling, while the µTBS of M0 remained stable to the original level that was higher than those of MM. In the failure mode analysis of the bonded specimens after the µTBS test, there was a significant difference in the failure mode ratio of dentin cohesive failure and mixed failure between MM and M0. The ratio of the mixed failure was increased in MM with increase of thermal cycles, which may be due to degradation of bonding resin in MM.
The UTS values of M0 were higher than those of MM in all water storage periods (Table 3 ). It appears that the cured adhesive resin without MDP showed better mechanical properties than those with MDP, perhaps due to higher degree of polymerization of the adhesive without MDP. Oguri et al. (2012) investigated the degree of conversion (DC) of the different adhesive resins with a functional monomer, 11-methacryloxy-1,1-undecanedicaboxylicacid (MAC-10). The factors affecting the DC were presence of a functional monomer with a carboxylic acid moiety and a single C=C bond in the camphorquinone-tertiary amines photoinitiator system 24) . It is therefore assumed that a lower DC would cause the lower UTS in MM at the baseline.
Moreover, the capability of water sorption of the adhesive resins is influenced by some factors and could affect the long-term durability of resin-dentin adhesive interface 25, 26) . As MDP is a functional monomer with hydrophilic and hydrophobic moieties, addition of MDP into a bonding resin may render characteristics of adhesive resin more hydrophilic. The acidic functional monomers may contribute to increase of initial bond strength to dentin due to increased micro-mechanical interlocking; however, it would also increase the water sorption capability of the cured adhesive in the longterm storage 27) . Water can penetrate into nanometer spaces between polymer chains or clusters around polar functional groups that are capable of hydrogen bonding due to their small molecular size and high molar concentration. Water absorbed into resin polymers has been demonstrated to weaken the three-dimensional polymer chain network 28) and to decrease glass transition temperatures 29) and stiffness of polymers 18) . Consequently, resin polymers become swollen and plasticized, and their mechanical properties are lowered 30) . To this end, the results of this study require rejection of the null hypothesis that the functional monomers in the bonding resin would not affect the mechanical properties of the two-step self-etching adhesive systems and their bond strength to dentin.
Recent studies have reported the caries inhibiting potential of self-etching adhesives, giving rise to the new concept of ABRZ. On the mechanism of ABRZ, it was suggested that penetration of the monomers into the tooth tissues beyond the hybrid layer and the chemical interaction between the functional monomer and HAp may contribute to formation of ABRZ. In order to characterize the ultra morphology and crystal distribution of ABRZ, which are thought to be related to caries inhibition, SEM and TEM observations at ABRZ forefront area was performed.
In the SEM observations in this study, an ABRZ was observed beneath the hybrid layer in MM and M0, however, formation of erosion was observed beneath ABRZ only in M0, not in MM. In the TEM observation, similar thickness of ABRZ was observed in MM and M0. However, a high electron-density area with a sharp edge was observed in the forefront of ABRZ in MM, while such boundary was fade in M0.
It has been reported that MDP is capable of forming strong ionic bonds with calcium due to the relatively low dissolution rate of the resulting Ca-salt 5, 31) . MDP has been rated as the most promising monomer for chemical bonding to hydroxyapatite of enamel or dentin. Indeed adhesives containing MDP revealed, rather consistently, a favorable adhesive performance in many laboratory and clinical studies, particularly regarding long-term bond durability [32] [33] [34] . In this regard, the role of functional monomer in bonding to enamel was investigated in a previous study 17) . Two-step self-etch adhesives containing two different functional monomers, MDP and 2-methacryloyloxyethyl phenyl phosphate (Phenyl-P), were used for evaluation of enamel ABRZ. It was concluded that MDP was necessary to create enamel ABRZ in the primer and/or the adhesive resin. The enamel ABRZ was not created in Phenyl-P contained adhesive system, and funnel-shaped erosion was also created along the enamel-adhesive interface. MDP in the bonding resin would deionize by using of intrinsic water in dentin, and potentially interact with dentin more intensely at deeper depth 35, 36) . Further, by the addition of MDP, the hydrophilicity of bonding resin would be improved, enabling the penetration of the bonding resin into primer-treated dentin. Therefore, as a result of these phenomena, MDP in MM group could reinforce dentin against acid attack and prevent the formation of funnel-shaped erosive lesion beneath the ABRZ. According to the results of this study, another null hypothesis that the functional monomers in bonding resin would not influence the formation of resin-dentin bonding interface is also rejected.
An ideal adhesive would be superior in mechanical properties and durable bond for long time while providing the optimal chemical reactivity, reinforcing dentin adhesive interface against acid attack. Summarizing the results of this study, it is suggested that elimination of MDP from the bonding resin could be one of the options to improve mechanical bonding durability, while potentially impairing chemical property. In the future studies, finding a solution to overcome such paradox will be the key to coming closer to an ideal adhesive.
CONCLUSIONS
In two-step self-etching system, exclusion of MDP from the bonding resin; 1) improved the ultimate tensile strength and contributed to long-term bond durability despite lower immediate bond strength. 2) resulted in a decreased resistance against acid attack at the ABRZ forefront area beneath the hybrid layer.
